Both the imaginary part (n•s•) and the real part (n•) of the complex index of refraction for Saharan aerosols have been determined as a function of wavelength between 300 and 700 nm: n• was determined by means of an immersion oil technique, and n•s• was determined from measurements of the total diffuse reflectance of the aerosol by means of an analysis using the Kubelka-Munk theory. No significant differences in the optical properties of the aerosol were seen among the samples collected at sampling sites on both sides of the Atlantic. Comparison of our results with others based on measurements of the ratio of the direct to the diffuse radiation shows that the two independent methods give remarkably similar results. Paper number 7C0327. 3153
In general, the optical effects of the aerosols are determined by the optical properties (expressed as a complex index of refraction), the size distribution, and the shape of the aerosol Copyright ¸ 1977 by the American Geophysical Union.
particles. The complex index of refraction n = nRB --in•$• consists of a real part naB, which is the ratio of the speed of light in a vacuum to the speed of light in the material, and an imaginary part n•M, which is an absorption parameter characterizing the material.
For a bulk material the ratio of the intensity I at some point in the material to the incident intensity Io is given by I/1o = e -nx For particles in the size range of the optically important atmospheric aerosols 0 0.1 < r < 10.0 #m, the interaction of an individual particle with the radiation field is generally described by Mie theory. The Mie theory, however, assumes that the particles are spherical; so the observed scattering from nonspherical aerosol particles will differ by some unknown amount from that predicted by Mie theory. A more exact solution for nonspherical particles must be obtained by some modification of Mie theory, such as that proposed by ½hylek et al. [1976] , or by a numerical method, such as that proposed by Ward [1975] . The Mie theory describes the scattering in terms of the ratio of the particle radius r to the wavelength of the incident light, usually designated by the Mie parameter a = 2•rr/X, and the complex index of refraction. For widely separated aerosol particles in an optically thin layer the total scattering is the sum of the individual scattering; for optically thick layers, multiple scattering must be considered. The final description of the atmospheric aerosol layer as it affects the radiation field involves the absorption cross section aA a. nd the scattering cross section as; as is determined by the scattering phase function, in which the scattering is given as a function of scattering angle for the incident light. The total extinction as is just the sum of as and aA. The parameters that are significant in radiation models may be determined from a knowledge of a A and the phase function, which can be calculated if the optical properties are known.
Paper number 7C0327. 3153
The optical properties of the aerosol may be determined in a number of ways. Inversion techniques use data on the scattered radiation to infer optical properties. For example, if the size distribution and real refractive index are known, the ratio of the direct to the diffuse illumination from the sun may be used to infer an imaginary index of refraction by a technique described by Herman et al. [1975] , or the scattering phase function may be used to infer a value for n•M [Grams et al., 1974] . Alternatively, the aerosol particles may be collected and analyzed by a laboratory method of measuring aerosol absorption from which n•M may be determined. Such measurements have been reported by Fischer [1970, 1973] , Lin et al. [1973] , and Lindberg and Laude [1974] . Generally, nRE is measured in the laboratory by use of an immersion oil technique.
The advantage of the laboratory measurements is that they avoid the questions associated with inversion of the scattered radiation from nonspherical particles by Mie theory. The potential disadvantage of the laboratory techniques is that the processes of collecting and preparing the sample for measurement may change the sample, thus affecting the measured optical properties. For crust-derived mineral aerosols, such as Saharan aerosols, we would not expect the samples to be affected by the collection and preparation procedure.
We have made a series of measurements of the complex index of refraction for Saharan aerosols collected at island stations on both sides of the Atlantic Ocean during the Gate program as well as for one sample collected on board a ship during November 1973. The purposes of these measurements have been threefold: (1) to determine values for the complex index of refraction as a function of wavelength for these aerosols from the various sites, (2) to determine whether there is any systematic variation in the measured optical properties that may be related to the transport of the aerosols across the Atlantic, and (3) to compare our laboratory measurements with measurements obtained on the basis of the radiation data in order to obtain some estimate of the effect of nonsphericity on the measurements. We have measured both nRE and n• in the laboratory. We have measured n• by a standard immersion oil technique, the Becke line technique as described by Wahlstrom [1974] ; we have measured n• by an integrating sphere technique by means of an analysis using the K ubelkaMunk theory. We chose this method of measuring n• because the analysis is not dependent on the shape of the particles, being completely independent of the usual Mie theory analysis, and because it is possible to determine a value for the imaginary index of refraction from the laboratory measurements in a straightforward manner by using the KubelkaMunk theory.
KUBELKA-MUNK THEORY
The Kubelka-Munk (K-M) theory is a phenomenological theory that relates the total diffuse reflection from a material to the effective scattering and absorbing properties of the rn•teria]. As was discussed by Kortum [1969] , the K-M theory is a two-flux theory in which the radiation is assumed to be composed of two oppositely directed radiation fluxes through a continuous medium. This material is assumed to have an absorption coefficient per unit distance, k, and a scattering coefficient per unit distance, s, the term scattering referring only to radiation redirected into the backward hemisphere. theory under conditions of high absorption but that the K-M theory is applicable when the highly absorbing material whose absorption is to be measured is diluted with an excess of a white standard. These are the same conditions under which the relationships discussed by Gate are valid. Under these conditions also, directed incident radiation may be used in place of the diffuse incident radiation, and the applicability of the K-M theory is maintained. In practice, the substance whose absorption is to be measured is diluted with a large excess of the diluent, so that the scattering of the mixture is just the scattering of the diluent.
When the dilution method is used, the total K-M function calculated from the observed absolute total diffuse reflectance of the mixture of sample and standard, Fst+sa(R•), is the sum of two individual K:M functions:
F,t+,a(R•) = F,t(R•) + F,•(R•)
Here the subscript st refers to the standard, andsa refers to the sample. F,t is just the K-M function for the pure standard, and The absorption of the sample is ks`', but when the sample is diluted with the standard, the sample occupies only a small fraction of the total sample volume. Kortum has shown that the value of ks`' measured for such a dilute sample is proportional to the concentration of the sample whether the dilution is achieved with a standard or with air. The value of k appropriate to a bulk material, kbu•k, is that value of k which would be measured if the sample completely filled the sample volume.
The value for kbu• may then be determined from the measured value for k• by multiplying the measured value k• by the ratio Vo/ V:
where V0 is the total sample volume and V is the volume occupied by the sample, which may be determined from the known weight if the sample density is known. Equations (8) 
MEASUREMENTS OF nnE
Measurements of nRE were made by using the Becke line technique for samples collected at Barbados and Tenerife as well as on the Meteor. The particles were immersed in oils whose indices of refraction and dispersion were known; no single-particle analysis was done, but average values of the real refractive index for clusters of particles weredetermined. Measurements were made by using both white and red (633 nm) illumination. According to Wright [1913] , when white light is used to determine nR•, the effective wavelength at which the index is determined is 550 nm, the wavelength of peak sensitivity of the eye in photopic vision.
The wavelength for the two oils that bounded nas above and below for these particles.
The dispersion curve of the particles appeared to match that of the oils between 550 and 633 nm, and no color effects indicating a crossing of the dispersion curves were observed. Thus we feel that a useful estimate of n•E is given by the curve in Figure 2, 
MEASUREMENTS O F 111M
All of the reflection measurements were made with a Cary-14 spectrophotometer equipped with a 15-cm integrating sphere coated with barium sulfate paint. In order to obtain absolute values for the reflectance, each reflectance measurement was referenced against a plate whose absolute reflectance had been determined by the method described by Goebel et al. [1966] . Basically, the absolute reflectances of the plate as a function of wavelength were determined by measuring the relative reflectances of the plate and of the opening in an auxiliary sphere coated with the same material as coated the plate. The absolute reflectance of the coating material was determined from the relative geometries of the auxiliary sphere and of the flat plate. For each concentration the K-M function was calculated from the measured value for absolute reflectance; the K-M function for the pure barium sulfate was subtracted from the K-M function for the mixture; the aerosol volume was calculated from the known mass of aerosol and an assumed density of 2.5 g cm-3; and n/st was calculated as a function of wavelength by using (12). The measurements with different aerosol concentrations were made to check the validity of our data, since the absorption must be proportional to concentration for the dilution method to be valid; for our data the aerosol concentration dependence was found to be valid for aerosol concentrations between 4 and 24 mg per sample.
The uncertainties in our data fall into two categories. In the first are the random errors such as spectrophotometer noise, slight variations in the surface that can affect the measured values of reflectance, and weighing uncertainties in the sample. These random errors appear to be of the order of 20%. There are also systematic uncertainties that increase the total mea-' surement uncertainty but do not affect the relative values for the samples. Such uncertainties are those due to uncertainties in the scattering, which we estimate to be approximately 10%, and uncertainty in the aerosol density, which we feel is less than 5%. There is uncertainty in the K ubelka-Munk theory itself as it is applied to our measurements. This uncertainty is of course harder to estimate quantitativel y , but the comparison with the work of Gate discussed earlier indicates that there is no significant systematic discrepancy greater than abOUt 5% between the value of k inferred from the KubelkaMunk theory and the value of k measured for a bulk material. We will take 5% as the estimate of the uncertainty in the correspondence of the k, so that our total uncertainty in the measurement is approximately 40%.
The results of our n/st measurements for aerosols collected on Tenerife are shown in Figure 3 . The plotted curves for these and the other n/st measurements are for wavelengths between 300 and 700 nm, the data points being spaced l0 nm apart between 300 and 400 nm and 20 nm apart between 400 and 700 nm. 
